To develop a strategy for improved production of clavulanic acid (CA), we investigated the effect of using oils on cell growth and CA production during the fermentation of Streptomyces clavuligerus NRRL 3585. In this analysis, triolein, whose fatty acid is oleic acid only, was the best oil source for CA production, but free fatty acids generated from the hydrolysis of oils in a culture broth negatively impacted CA production and cell growth. Hence, we screened for mutants that were resistant to high concentrations of oleic acid. From this screen we identified a mutant S. clavuligerus, OL13, that had a minimum inhibitory concentration (MIC) to oleic acid of 2.1 g/l, much higher than that of S. clavuligerus NRRL 3585, at 0.4 g/l. Not only was cell growth improved, but maximum CA production, at 1,950 mg/ l, was approximately 2.0-fold higher than that of the parent strain.
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Key words: clavulanic acid; Streptomyces clavuligerus; oleic acid; triolein; fermentation CA acts as a potent inhibitor of -lactamases, which is produced by some -lactam resistant pathogenic microorganisms, and has been used in combination with conventional -lactam antibiotics, especially amoxicillin, in the efficient treatment of infectious disease. 1) It is produced through the fermentation of S. clavuligerus, which requires a source of raw materials for the biosynthesis of cellular matter and products during normal cell operation, maintenance, and reproduction.
2) Raw materials originating in soybean have been used as the nitrogen source, and starch, dextrin, glycerol, and/or oils have been used as the carbon source. [3] [4] [5] However, although carbohydrates, including glucose, are the simplest energy source for cell growth and secondary metabolite production, rapid catabolism of them has been shown to decrease the rate of antibiotic biosynthesis.
2) At present, lipids and oils are considered not only to be essential medium components in the antibiotic industry, due to their natural antifoam properties, but also to be cheap alternative carbon sources. In addition, they have been found to increase secondary metabolite titers. 6) Pan et al. 7) first reported the use of oil as a carbon source in the cultivation of Penicillium chrysogenum. In this study, the use of oil was found to increase the rate of penicillin production as compared with that of a carbohydrate energy source. More recently, the use of soybean oil, palm oil, and rapeseed oil has been found to enhance the biosynthesis of cephamycin C in Streptomyces sp. p6621, of CA and cephamycin C in S. clavuligerus, and of tylosin in Streptomyces fradiae. [8] [9] [10] However, although the addition of oils to a production medium has been suggested as an exceptional method to avoid carbon catabolite regulation, residual oil levels at the end of the fermentation process and a higher oxygen requirement for oil metabolism are major disadvantages of this method that still need to be resolved. 11) In particular, residual oil levels have been reported to lead to increased medium viscosity and to affect further downstream processes. 2) Although there have been many studies suggesting that oil is a preferred carbon source for increasing CA titers, few studies have systematically examined the kinds of fatty acids that are important to CA production and the cell growth of the producer microorganisms. 9, 12, 13) To date, obtaining high titers of CA through strain improvements of S. clavuligerus has primarily depended on random mutagenesis and genetic engineering of the synthesis pathway of CA. [14] [15] [16] [17] [18] [19] In this study, we examined the effects of synthetic and vegetable oils on the cell growth and CA production of S. clavuligerus in a 7-liter jar fermentor. The results of this study should aid in the development of novel strategies for strain improvement in this organism.
Materials and Methods
Microorganisms and culture conditions. S. clavuligerus NRRL 3585 and fatty acid resistant mutants originating from the parent strain were used. The seed and production medium contained 10 g/l of starch, 20 g/l of soyaflour, 23 g/l of oil, and 1.2 g/l of phosphate. The production medium contained in addition trace elements (0.001 g/l of MnCl 2 . 4H 2 O, 0.001 g/l of FeSO 4 . 7H 2 O, and 0.001 g/l of ZnSO 4 . 7H 2 O), and 1 ml/l of antifoam. 13, 20) The seed medium was adjusted to pH 7.0 and sterilized at 121 C for 20 min, and the production medium was sterilized at 121 C for 70 min. A spore suspension (0.5 ml), which had been harvested from an agar plate, was added to a 100-ml baffled Erlenmeyer flask containing 20 ml of seed medium. After cultivation for 32 h at 28 C at 220 rpm, the culture broth was used as the inoculum seed in the second seed culture, a 1,000-ml baffled Erlenmeyer flask containing 225 ml of the seed medium. The main fermentation was carried out in a 7-liter jar fermentor (Korea Fermentor, Inchon, Korea) with a 4.5-liter working volume. The inoculum size used in the main fermentation was 5%, and the pH of the culture broth was maintained at 7.0 with 25% ammonia water.
y To whom correspondence should be addressed. Tel: +82-2-3290-3439; Fax: +82-2-3290-3957; E-mail: cwkim@korea.ac.kr Abbreviations: CA, clavulanic acid; S. clavuligerus, Streptomyces clavuligerus; MIC, minimum inhibitory concentration; NTG, N-methyl-N 0 -nitro-N-nitrosoguanidine; CLSI, Clinical and Laboratory Standards Institute; GC, gas chromatography; NEFA, non-esterified free fatty acid; HPLC, highperformance liquid chromatography Mutagenesis and mutant isolation. Mutagenesis using N-methyl-N 0 -nitro-N-nitrosoguanidine (NTG) was performed by the method of Kieser et al. 21) In the selection of oleic acid resistant mutants, the parent strain, Streptomyces clavuligerus NRRL 3585, was subjected to stepwise selection in the presence of oleic acid. Mutagen-treated spores of the parent strain were plated on agar plates that contained oleic acid at a higher concentration than the minimum inhibitory concentration (MIC) of the parent strain in modified Bennett's medium. This medium was composed of 2 g/l of N-Z amine type A, 1 g/l of yeast extract, 1 g/l of beef extract, and oleic acid. The MIC test on oleic acid was performed following the guidelines of the Clinical and Laboratory Standards Institute (CLSI).
22)
Fatty acid analysis. Analysis of total fatty acid during fermentation was carried out by gas chromatography (GC). Culture broth (10 ml) was harvested and centrifuged at 4,500 rpm for 5 min. The supernatant was extracted with 10 ml of chloroform and methanol (2:1, v/v), and the extract was hydrolyzed with KOH. The methylation procedure was developed from a method devised by Lepage and Roy. 23) A flame ionization detector, a fused silica Rtx-65TG (Restek International, Bellefonte, PA) capillary column (15 m Â 0:32 mm Â 0:1 mm), which had a cross bond, 35% dimethyl and 65% diphenyl polysiloxane, were used in GC analysis. The conditions of analysis were as follows: 350 C injector temperature, 350 C detector temperature, and an initial 100 C oven temperature. After an isothermal period of 1 min, the GC oven was heated at 10 C/min to 350 C and held for 14 min. Helium was used as the carrier gas, at a flow rate of 5.4 ml/min. The free fatty acid in the fermentation broth was analyzed with a Free fatty acid Halfmicro test kit (Roche Applied Science, Mannheim, Germany). After centrifugation of the culture broth at 4,500 rpm for 5 min, the supernatant was appropriately diluted according to the culture time and applied to the test kit.
Lipase assay. Lipase activity was determined with a 842 titrando pH stat titrator and synthesis controller system (Metrohm AG, Herisau, Switzerland) at 30 C. Culture broth (10 ml) was harvested and centrifuged at 4,500 rpm for 30 min. The centrifuged cells were washed with 50 ml of distilled water and then resuspended in 10 ml of distilled water. Cell suspension (1 ml) was then assayed with tributyrin as substrate, following a previous report to the effect that the lipase assay using tributyrin is more sensitive and reproducible than that using oils composed of long-chain fatty acids. 6) Automatic titration was carried out with 0.01 M NaOH. A lipase unit was defined as the release of 1 mmol of titratable fatty acid per min under the assay conditions used.
Viscosity measurement. The apparent viscosity of the whole culture broth was measured using a Brookfield viscometer equipped with small sample adaptor (Model DV-E, Middleboro, MA). Readings were taken using 16 ml of the sample at 25 C, 30 rpm, and spindle number 25. Viscosity was used as a biomass parameter in calculating specific lipase activity. 24) CA production. The CA titer in the culture broth was evaluated by high-performance liquid chromatography (HPLC) following the procedures described by Foulstone et al. 25) and Tabuck et al.
26)

Results
Effects of oils on the production of CA The effects of various oils on CA production in a 7-liter jar fermentor were examined. Corn, olive, and palm oils were selected as vegetable oil sources because the major fatty acids are linoleic, oleic, and palmitic acids, respectively. Three triacylglycerols, trilinolein, triolein, and tripalmitin, were also used as synthetic oil sources. Figure 1 shows the results of fermentation for the oil sources. Olive oil and palm oil had a stimulatory effect on CA production as compared with tripalmitin, trilinolein, and corn oil (Fig. 1A) . More importantly, maximum production of 989 mg/l was achieved with triolein, indicating that the oils rich in oleic acid yielded higher productivity (Table 1) .
Due to the particulate nature of the culture medium and the hyphal growth of S. clavuligerus, cell growth rate was evaluated by measuring the viscosity of the culture medium (Fig. 1B) . Maximum cell growth rates were reached at 63 h, except for palm oil and triolein. When the oils contained high levels of unsaturated fatty acids, the cell growth rates were relatively low. When the media contained trilinolein and corn oil, whose major fatty acid is linoleic acid, the cell growth rate declined after 63 h, and CA production slowed after 87 h. The oils containing high levels of palmitic acid, such as palm oil and tripalmitin, were very effective in increasing cell growth, but had adverse effects on CA production. In case of tripalmitin, the stationary phase of growth was longer than other oils. In contrast, when the media contained triolein and olive oil, whose major fatty acid is oleic acid, CA production was maintained for up to 132 h, indicating that oils rich in oleic acid were an efficient substrate for CA production.
As shown in Table 1 , the rate of fatty acid utilization in the vegetable oils ranged from 52:0 AE 2:1 to 59:8 AE 0:6%, which corresponds to the results of Large et al. 20) Total fatty acid analysis of the synthetic oils showed that the utilization rate of trilinolein was only 19:4 AE 3:5%, while that of tripalmitin was 67:0 AE 1:4%. Therefore, based on both fatty acid utilization and cell growth rates during fermentation, triolein appears to be a more effective substrate for cell growth than trilinolein, but not more effective than tripalmitin. The free fatty acid profile in the fermentation broth showed that the concentration of free fatty acids increased to higher than 1 g/l after 63 h of culturing, except when tripalmitin was used (Fig. 1C) . Especially, the concentration of free fatty acids in trilinolein was 2.3 g/l at 63 h, which is generally considered to be toxic to microorganisms. 27, 28) We observed a strong correlation between cell growth and free fatty acid concentrations except when tripalmitin was used, thus demonstrating that the accumulation of free fatty acids in the culture broth caused a decline in cell growth and oil consumption, resulting in a decrease in the CA production rate.
Strain development to overcome the toxicity of free fatty acids
In order to overcome the inhibitory effects of the free fatty acids, as observed in Fig. 1 , we constructed a mutant strain that was resistant to them. Since oils rich in oleic acid were found to be very efficient substrates for CA production, this oil was used as the selection marker in these experiments (Fig. 1A ). Mutants were grown in an agar medium that contained oleic acid as the sole carbon source after mutagenesis using NTG. The concentration of oleic acid was gradually increased from 0.5 to 3.0 g/l in each series of mutants. During successive mutagenesis, the MICs of the mutants to oleic acid gradually increased, and this was accompanied by a proportional increase in CA production (Fig. 2) . One of the mutant strains, S. clavuligerus OL13, was found to have a different colonial morphology, and its MIC to oleic acid was found to increase to 2.1 g/l, much higher than that of its parent, S. clavuligerus NRRL 3585, at 0.4 g/l. S. clavuligerus OL-13 grew slowly and produced a white aerial mycelium after 5 d, and spores after 14 d (data not shown). 
a Fatty acid of culture broth was extracted directly with the equal volume of a chloroform and methanol mixture, and the extract was hydrolyzed with KOH. The extracted fatty acids were methylated by adding trimethylsulphonium hydroxide, and were analyzed by gas chromatography. Fermentation profile of an oleic acid resistant mutant, S. clavuligerus OL-13
The fermentation profiles of S. clavuligerus OL13 and its parent, S. clavuligerus NRRL 3585, when cultured in a 7-liter jar fermentor containing 4.5-liter of production medium supplemented with triolein, were compared (Fig. 3) . Although the total fatty acid consumption rate of S. clavuligerus OL13 was more than 1.9-fold higher than the parent strain, its free fatty acid concentration in the culture broth was lower at the end of fermentation (Fig. 3A) . Moreover, cell growth increased continuously in spite of the presence of high concentrations of free fatty acids, and reached 2.0 g/l at 111 h (Fig. 3A, B) . Considering that the free fatty acids originated in the hydrolysis of triolein by lipase, the mutant not only had increased lipase activity, but more importantly, transported oleic acid to the cells (Fig. 3A, C) . Maximum CA production in S. clavuligerus OL13 was 1,950 mg/l, approximately 2.0-fold higher than that in the parent strain (Fig. 3D) .
Discussion
Despite the several disadvantages of using oils, they are still considered a good carbon source for industrialscale fermentation not only in efforts to control foam forming, 7) but to avoid carbohydrate catabolic regulation. 29) Large et al. 20) suggested that a reduction in residual oil levels increase the antibiotic titer. This was then experimentally demonstrated by Ortiz et al., 4) where increased CA titers were observed when the initial concentration of oils was decreased. Maranesi et al. 13) also studied the effect of using vegetable oils on the production of CA in S. clavuligerus ATCC 27064. They applied 16, 23, and 30 g/l of soybean oil, and obtained the highest productivity in the medium containing 23 g/l oil. In this study, we investigated the effects of fatty acids that originated from oils on cell growth and CA production in S. clavuligerus. The utilization rates of the tested oils ranged from 19:4 AE 3:5 to 67:0 AE 1:4% at 132 h, and a maximum rate was observed in the medium containing tripalmitin. Although maximum cell growth was detected with palm oil, the rate of CA production was proportional to the level of oleic acid in the oils. When triolein, which consisted only of oleic acid, was used, the CA titer reached 989 mg/l at 132 h. Based on these results, we concluded that cell growth rate is not the most critical factor in CA production, and that oleic acid is the most suitable fatty acid substrate in CA production. We also analyzed the free fatty acid profiles in the fermentation broth, which was performed in view of cell growth cytotoxicity. Remarkably, regardless of the oils used during fermentation, the concentration of free fatty acids increased in a fermentation time-dependent manner, and this increase correlated with a decline in the cell growth rate (Fig. 1) . Therefore, based on the hypothesis that the accumulated free fatty acids were harmful to the cells, we constructed a mutant that was resistant to high concentrations of oleic acid using triolein as the substrate to improve CA production. The MIC of a mutant, S. clavuligerus OL13, was 2.1 g/l, and its cell growth was higher than that of the parent strain. In addition, the total fatty acid consumption rates of the mutant increased, where the consumption rates of the mutant and of the parent strain were 79:2 AE 2:2% and 41:2 AE 3:3% respectively. More importantly, CA production in the mutant strain was approximately 2.0-fold higher than in the parent strain.
We concluded that the selection of an oleic acid resistant mutant was a very effective strategy for increasing CA production in S. clavuligerus.
